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Abstract
Amid the worldwide decline of corals, the survival of some corals in high nutrient, turbid
environments, is intriguing – are they just surviving or are they thriving? This study aimed to
determine how these corals acquire energy and whether that energy is sufficient to produce
offspring (i.e., develop viable gametes). The nutritional sources and reproductive capacity of
Siderastrea siderea in a shipping port (Port Everglades) were compared to two nearshore reefs in
Florida, USA and an ex situ coral nursery. Fertility and estimated polyp fecundity were
quantified using histological analysis, and water quality parameters were assessed monthly to
evaluate differences in site conditions. Amino acid compound-specific stable isotope analysis of
nitrogen (δ15N) was used to assess relationships between energy sources (i.e., symbionts,
particulate organic matter, and zooplankton), sites, and reproductive capacity. Coral nutrition and
reproductive capacity in the Reefs and Port Everglades were then compared to corals maintained
in an outdoor land-based nursery to determine ways of optimizing their diet and consequently
reproductive capacity for reef restoration efforts. Results demonstrate that corals in Port
Everglades are equally fecund but significantly more fertile than corals at nearshore reefs,
despite experiencing higher nutrient concentrations (nitrate, nitrite, and orthophosphate) and
turbidity. The trophic position of the corals did not significantly differ between sites, nor did it
vary with fertility, sex, or fecundity. Trophic position of reproductive corals ranged from 1.1 to
2.0, indicating that one nutritional source is not exclusively responsible for gamete production,
and that males and females do not utilize different sources. However, a Bayesian mixing model
using phenylalanine-normalized δ15N values of glycine and lysine suggests that corals in Port
Everglades and in one of the nearshore reefs relied significantly more on symbionts for energy
relative to the other reef. The higher fertility and a heavier reliance on symbionts in the corals
from Port Everglades may result from adaptation, acclimation or the fact that their
endosymbionts benefit from the higher nutrient environment. Corals maintained ex situ were less
fertile, equally fecund, and had higher trophic positions than corals than corals from Port
Everglades. Since corals in situ demonstrate utilization of primary producers for energy
acquisition, this suggests that land-based nurseries may benefit from the inclusion of
phytoplankton in coral diet to maximize fertility. The results of this study indicate that corals
from highly degraded environments are thriving, despite the degraded conditions, and that these
colonies can be prioritized to be sexually propagated for coral restoration.

Keywords: Stable isotope analysis, coral reproduction, coral nutrition, degradation, nutrients,
coral reef, amino acids, fecundity, fertility, energy, Siderastrea siderea
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1. Introduction
Coral reef ecosystems facilitate biological and ecological processes vital to organisms
that reside in various marine environments. Coral reefs are built by fewer than 1,000
scleractinian coral species that support organisms from over 27 phyla (Small et al, 1998;
Knowlton et al., 2010). High biodiversity within reefs is influenced by the three-dimensional
structure that scleractinian corals create, which provide opportunities for niche diversification
(Paulay, 1997). Corals and other reef organisms play an essential role in nutrient cycling by
exporting rich organic material to pelagic, sea grass, and mangrove habitats (Moberg & Folke,
1999). Further, the abundant biomass of reef ecosystems fuels local and global economies by
supporting livelihoods through artisanal, recreational, and tourism opportunities (Moberg &
Folke, 1999; Cinner et al., 2013). Despite the immense value of coral reefs, this ecosystem is in a
state of decline.
Since the 1970s, scleractinian coral cover has been reduced by over 50 % in major
tropical ocean basins (De’ath et al., 2012; Jackson et al., 2014). A variety of human-induced
local and global stressors are driving coral loss and reef degradation. Warming waters propelled
by the increase of greenhouse gases in the atmosphere have resulted in mass bleaching events
worldwide, leading to coral mortality (Hughes et al., 2018). Localized stressors such as
overfishing, pollution, habitat destruction, and sedimentation have also contributed to coral
decline (Kühlmann, 1988; Jackson et al., 2014; Browne et al., 2015; Miller et al., 2016). Coral
communities most heavily impacted by these local and global stressors commonly reside along
urban coastlines (Halpurn et al., 2008; Jackson et al., 2014).
Areas of intense urban coastline development, such as shipping ports, often cause benthic
habitat destruction, heavy metal pollution, and extreme fluctuations in water chemistry, clarity,
and other environmental factors (Lirman et al., 2003; Cantillo & Lauenstein, 2004; Brodie et al.,
2012; Miller et al., 2016; Cunning et al., 2019). These degraded conditions can be harmful for
many coral species. Urban run-off carries excess sediment and nutrients that have been linked to
reduced coral density (Roff et al., 2013; Jackson et al., 2014), species diversity (De’ath and
Fabricius, 2010; Baumann et al., 2016; Poquita-Du et al., 2019), growth (Browne et al., 2015),
and fecundity (Kojis & Quinn, 1984). Excess nutrients have also been found to increase coral
bleaching susceptibility and disease prevalence (Wiedenmann et al., 2013; Wang et al., 2018).
Suspended sediment can reduce light availability for symbiont photosynthesis, require increased
1

metabolic expenditure on mucus production, and directly smother colonies (Lirman & Manzello,
2009; Piggot et al., 2009; Sawall et al., 2011; Cunning et al., 2019). While these conditions are
harmful to coral health, some coral species can survive in these environments (Lirman et al.,
2003; Rubin et al., 2021).
The mechanisms that corals rely on to survive degraded conditions are still poorly
understood, but one possible explanation may be the ability of corals to alter their methods of
energy acquisition (Anthony & Fabricius, 2000; Seeman et al., 2013; Fox et al., 2019). Corals
are mixotrophs, acquiring energy both autotrophically from their dinoflagellate endosymbionts
(Muscatine et al., 1981) and heterotrophically by consuming zooplankton, dissolved organic
compounds, and particulate organic matter (Sebens et al., 1996; Grottoli & Wellington, 1999;
Houlbrèque & Ferrier-Pagès, 2009). It is possible that corals in degraded environments may be
relying on these nutritional modes differently than corals in less degraded reefs. Corals living in
areas that experience a high influx of urban run-off may be more heterotrophic, as high nutrients
and turbidity can increase plankton concentration while simultaneously reducing light for
endosymbiont photosynthesis (Seeman et al., 2013). Conversely, increased symbiont density and
photosynthetic rates have been reported for corals in high nutrient, turbid environments,
suggesting symbionts may provide most of the energy utilized by the coral host (Sawall et al.,
2011; Browne et al., 2015). Determining how coral energy acquisition may change in heavily
degraded conditions can further our understanding of the drivers behind coral survival in these
environments.
Stable isotope analysis can be used to determine the nutritional sources contributing to an
organism’s diet (DeNiro & Epstein, 1978; Rieley et al., 1999). Traditional bulk stable isotope
analysis using whole organism tissues relies on isotopic fractionation of carbon and nitrogen
during trophic transfers (DeNiro & Epstein, 1978; Layman et al., 2012). Though useful, this
technique is limited in its capacity to disentangle mixotrophic diets and does not account for
variation in nitrogen isotopes incorporated at the base of a food web (i.e., nitrogen isotopic ratios
in primary producers vary over space and time). Innovative techniques using compound-specific
isotope analysis (CSIA) isolate specific macromolecules (e.g., fatty acids, amino acids, etc.) to
overcome the limitations of bulk analysis (Okhouchi et al., 2017; Pethybridge et al., 2018).
Compound-specific isotope analysis of amino acids has been effective for determining
mixotrophic diets due to the fractionation of nitrogen and carbon during trophic transfers in some
2

amino acids and not others. The difference between the isotopic ratios in these amino acids can
be used to determine the relative contribution of heterotrophic and autotrophic sources to a
consumer (Fox et al., 2019; Shih et al., 2019; Whiteman et al., 2019). Amino acid isotope
analysis using carbon (δ13C) and nitrogen (δ15N) isotopic ratios has successfully been used to
characterize energy sources in corals (Fox et al., 2019; Fujii et al., 2020; Martinez et al., 2020;
Ferrier-Pagès et al., 2021; Wall et al., 2021). Nitrogen isotopic ratios of amino acids (δ15NAA) are
particularly useful for determination of trophic position as their amino acids are identified as
either ‘source’ or ‘trophic’. Source amino acids do not substantially fractionate isotopically
during trophic transfers and reflect the baseline nitrogen of the food web, while trophic amino
acids fractionate with each trophic transfer (McClelland & Montoya, 2002). The isotopic
difference between source and trophic amino acids removes the effect of shifting baseline
nitrogen, allowing for easier comparison of trophic status between locations and/or through time.
Identifying the contribution of different energy sources to an organism’s diet may be further
distinguished using phenylalanine-normalized δ15N of individual amino acids (Doherty et al.,
2021). For these reasons, δ15NAA may be a useful tool to determine the primary energy sources of
corals in a degraded environment.
Beyond understanding the mechanisms driving survival, it is important to determine
whether these organisms are potentially even thriving. For many coral species, degraded
conditions can induce a stress response, which has been found to lead to reductions in coral
reproduction (Ward et al., 2000; Loya et al., 2004; Monteil et al., 2020). The energy
requirements of coping with chronic stress can deplete energy that might otherwise be expended
on growth or reproduction (Perrin & Sibly, 1993; Bradshaw & McMahon, 2008). If colonies in
degraded environments are not stressed, excess energy should be allocated to reproduction,
allowing the coral to achieve an average reproductive capacity. Assessment of coral reproduction
can identify whether corals in degraded environments are experiencing stress.
Environmental conditions can also influence the nutritional sources available to corals
(Fox et al., 2018; Fujii et al., 2020), which may affect their reproduction (Pratchett et al., 2019).
Provision of heterotrophic food sources has been valuable for successfully inducing ex situ
gametogenesis and broadcast spawning of corals (Craggs et al., 2017), as well as accelerating
juvenile grow-out (Toh et al., 2014). Other studies have found that coral eggs are dominantly
comprised of fatty acids supplied by coral symbionts (Arai et al., 1993; Figueiredo et al., 2012),
3

indicating heterotrophy may not play a large role in gamete development. While the importance
of autotrophy and heterotrophy for gamete development is still unclear, both may play a crucial
role in coral reproduction. Defining relationships between reproduction, environmental
conditions, and nutritional sources will be essential for understanding the potential persistence of
corals in degraded conditions.
The presence of corals in degraded environments suggests they may be well-suited to
handle exposure to anthropogenic stressors (Barshis et al., 2013; Morgan et al., 2017; NASEM,
2019; Rubin et al., 2021). This evidence of coral resistance has prompted reef managers to
prioritize the use of stress-tolerant corals in restoration efforts to increase the probability of longterm success (Hoegh-Guldberg et al., 2008; van Oppen et al., 2017; Flanagan et al., 2018;
NASEM, 2019). Strategies for assisted evolution involve induced ex situ gametogenesis and
spawning, selective breeding, pre-conditioning to stressors, and translocation and
microfragmentation of stress-tolerant corals to valuable reefs (Bowden-Kerby & Carne, 2012;
Forsman et al., 2015; van Oppen et al., 2015; Lirman & Schopmeyer, 2016; Putman et al., 2020).
While these efforts are valuable, it is first important to determine the drivers behind coral stress
resistance in order to be successful. It is unclear whether corals surviving in degraded
environments are demonstrating stress resistance due to genetic adaptation or the potentially
unique nutritional sources characteristic of these environments. If coral nutrition is a key driver
of stress resistance, it is essential to identify the nutritional sources promoting stress resistance to
maximize reproductive output in ex situ gametogenesis and spawning. We can further assess the
relationships between nutrition and the ability to reproduce by determining the reproductive
output of corals maintained ex situ that are fed a known diet.
To gain a better understanding of coral physiology in degraded environments, this study
assessed the reproductive capacity and nutritional contributions of potential energy sources to
corals living in different abiotic conditions. The degraded conditions may lead to differences in
coral energy acquisition and reductions in coral fertility and fecundity, as these environments
would expose corals to multiple anthropogenic stressors. We determined coral reproduction and
nutrition at four locations: a highly degraded shipping port, two nearshore reefs, and a land-based
recirculating aquarium system. Estimated polyp fecundity and fertility were assessed using
histological analysis. Novel techniques using δ15N of amino acids determined the extent to which
heterotrophic and autotrophic feeding contribute to colony energy content. Trophic position and
4

amino acid profiles were compared to fertility and fecundity to determine if there is a
reproductive advantage resulting from different nutritional sources. Environmental conditions
(i.e., turbidity, total suspended solids, salinity, ammonia, nitrite, nitrate, orthophosphate) of each
ocean-based site were assessed to determine potential relationships with reproductive capacity or
primary energy sources. Corals maintained in an outdoor land-based nursery with a known diet
and regular monitoring of environmental parameters were also compared to ocean-based corals
to assess potential differences in reproductive capacity and trophic position. Results of this study
further our understanding of coral physiology in both degraded environments and ex situ aquaria,
provide a foundation for the use of δ15N of amino acids in future coral trophic studies, and offer
novel insight into the value of harnessing coral colonies living in high stress environments for
coral restoration.

2. Methods
2.1 Study Sites and Species
Florida’s Coral Reefs are a high latitude subtropical reef system near densely populated
urban areas. The proximity of the barrier reef tract to the Florida coastline provides the
opportunity to observe the status of corals living in various degrees of urban influence. Port
Everglades (Fort Lauderdale, FL, USA) is a heavily trafficked shipping port servicing cargo
ships, cruise lines, and recreational vessels. It is positioned at an inlet that joins the Atlantic
Ocean to the Intercoastal Waterway (Stranahan River) running north and south of the port. While
the nature of shipping activities and the position of Port Everglades as an urban inlet result in a
high nutrient, turbid environment, several coral species reside in Port Everglades.
Siderastrea siderea, a bouldering reef-building coral, is the dominant coral species found
in Port Everglades. Siderastrea siderea demonstrate tolerance of high salinities (>40 ppm;
Muthiga & Szmant, 1987), extreme temperature variation (up to Δ14 °C within an annual cycle;
Macintyre & Pilkey, 1969), and high sediment loads relative to most scleractinian coral species
(Lirman & Manzello, 2009). Despite its tolerance to shifting environmental conditions, S.
siderea are susceptible to a highly prevalent disease outbreak in the Caribbean termed “Stony
Coral Tissue Loss Disease” that is characterized by rapid tissue sloughing of affected colonies
5

(SCTLD Case Definition, 2018). Siderastrea siderea are gonochoric, with female gamete
production beginning between January and May and male gamete production between March
and May (Szmant et al., 1986; Soong, 1991). Peak broadcast spawning events in Broward
County, Florida occur in September-October following the new moon (Soong, 1991; St. Gelais et
al., 2016).
The coral samples obtained in this study derived from colonies based in one of four
locations. The three ocean-based sites included Port Everglades, an artificial reef constructed
using erojacks approximately 2km north of Port Everglades (henceforth, ‘Reef 1’), and a hardbottom coral community 6 km north of Port Everglades (henceforth ‘Reef 2’; Figure 1). The
fourth site is an outdoor recirculating aquarium system at Nova Southeastern University’s landbased coral nursery (Broward County, FL). Each ocean site is located within 150 m of water
quality monitoring sites sampled monthly as a part of the Northern Florida Reef Tract Nutrient
Water Quality project funded by the Florida Department of Environmental Protection. The water
quality monitoring site for Port Everglades is located at the inlet and only sampled during ebb
tide. Monthly water quality data (turbidity, salinity, total suspended solids, ammonia, nitrite,
nitrate, and orthophosphate) of surface waters from September 2018 to August 2020 was
assessed to compare abiotic site conditions. The parameters were assessed over the course of two
years to account for tissue turn over times and to assess potential differences in coral exposure to
nutrients throughout gametogenesis (Szmant et al., 1986; Soong, 1991; Tanaka et al., 2018;
Rangel et al., 2019).
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Figure 1. Map of ocean sites (i.e., Port Everglades, Reef 1, and Reef 2).
2.2 Sample Collection
2.2.1 Field Collection
In August 2019 and 2020, Siderastrea siderea colonies (n=57) were collected from the
three ocean sites via SCUBA using hammers and chisels. Collections occurred on the day of the
full moon, prior to the anticipated annual spawning events of S. siderea in the Northern Florida
Reef Tract (Szmant et al., 1991; Vize et al., 2005; St. Gelais et al., 2016).
To compare available heterotrophic food sources, particulate organic matter (POM) and
zooplankton samples were obtained for each site concurring with the 2020 coral collection.
Particulate organic matter was acquired by a Niskin Water Sampler 1 m above the seafloor (~ 5
L of water total) (Fox et al., 2019). A 150 μm cod end plankton net was towed for zooplankton
collection (~ 5 min) at each site. Site conditions (depth, transparency, sea surface temperature,
sea surface salinity, orthophosphate, ammonia, nitrite, and nitrate) were recorded. Zooplankton
and POM samples were loaded onto 47 mm GF/F filters via vacuum filtration and stored at -80
°C until further analysis.
7

After collection, corals were promptly housed in a recirculating aquarium system at Nova
Southeastern University. Photos of each colony adjacent to a caliper were taken with an
Olympus Tough TG-5 Digital Camera and surface area was later measured using ImageJ
software.
2.2.2 Land-based Husbandry and Sample Collection
The S. siderea colonies maintained ex situ (n=10) were collected in 2018 from nearshore
reefs in Broward County, FL. Colonies were placed into a 1500 L outdoor recirculating aquarium
system containing artificial seawater comprised of Aquaforest Reef Salt and reverse osmosis
water (35 ± 1 PSU) in November 2019. The system was temperature controlled with BlueLine
Biotherm Titanium Heating Elements, an Aqua Logic In-line Water Chiller, and NEMA 4X
temperature controllers. Temperature variation followed a natural annual cycle (ranging from
23.9˚C to 28.9˚C) based on SECREMP records in the southeast Florida Reef Tract from 20072016, excluding years bleaching occurred (Gilliam et al., 2017). Filtration consisted of a Red Sea
Reefer RSK-900 protein skimmer, Korallin C3002 Calcium Reactor, PhosBan Phosphate
Reactor 550, and biological filtration seeded with Brightwell Aquatics MicroBacter7 to maintain
nutrient levels. Lytechinus variegatus and Lithopoma americanum controlled algal growth. A
70% shade cloth maintained photosynthetically active radiation (PAR) in the recirculating
system between 100 – 250 µmol photons m-2s-1.
Temperature and salinity were monitored daily. Weekly nutrient parameters (ammonia
(NH3 mg/L), nitrite (NO2- mg/L), nitrate (NO3- mg/L), and orthophosphate (PO4-3 mg/L)) were
measured weekly with a Hach DR900 Colorimeter, and alkalinity (ppm) was measured with a
Hanna Checker©. Six days a week, corals were target-fed a diet consisting of Reef Nutrition
R.O.E.®, Reef Nutrition Oyster Feast®, and alternately fed Polyp Lab Reef Roids® or Benepets
Benereef®. Additionally, ~ 4,000-7,000 live rotifers fed with Nannochloropsis (Reed
Mariculture, Instant Algae®) and enriched with RotiGrowTM Plus (~1 hr prior to feeding) were
provided.
For sampling of ex situ heterotrophic sources, enriched rotifers were collected to
represent zooplankton, and POM consisted of all other diet components offered during feeding.
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2.3 Histological Preparation and Analysis
Tissue preparation for reproductive assessment followed standard histological procedures
(Chornesky & Peters, 1987; Soong, 1991; Szmant, 1991). Approximately 24 h after coral
collection, two 4 cm2 segments of tissue and skeleton were removed from each colony using a
Craftsman Angle Grinder equipped with a Delta Diamond blade. Since polyps along colony
edges are usually young and have not reached sexual maturity, samples were taken >1cm (~ 3
rows of polyps) from the colony edge (Soong & Lang, 1992). Tissue samples of corals in the
land-based nursery were collected one day after ocean samples. Tissue samples were
immediately fixed in Z-fix® seawater solution (20 % Z-fix concentrate: 80 % artificial seawater)
and stored at 3°C (St. Gelais et al., 2016). Tissues decalcified in buffered 1 N HCl (1.8 L
deionized water, 200 mL HCl, and 2 g EDTA) for approximately 48 h, after which they were
rinsed in reverse osmosis water before storage in 70 % Ethanol (Soong, 1991; Lueg et al., 2012).
A longitudinal section with ~5 polyps and a cross section with ~10 polyps were prepared for
each colony. Embedding procedures followed established protocols for dehydration (two
solutions of 80%, 95% and three solutions of 100% ETOH followed by three solutions of xylene)
and paraffin infiltration using an automated Sakura Tissue Tek II histology processor (Peters &
Pilson, 1985; Soong, 1991; Lueg et al., 2012). Slides were prepared with cross sections (and
longitudinal sections) taken from three different depths (~300 μm apart, 5 μm thick) from each
colony, all below the actinopharynx to capture oocytes (Lueg et al., 2012). Slides rested on a hot
plate for 40 min before remaining in a 56 ˚C oven until staining. Slides were stained with
Heidenhain’s azocarmine-analine blue, which is particularly useful for locating reproductive
structures (Peters & Pilson, 1985; Szmant, 1991).
Two metrics evaluated reproductive capacity of Siderastrea siderea. First, we recorded
fertility as presence or absence of stage III and IV gametes (eggs and spermaries) as have been
defined in previous studies (Figure 2; Szmant-Froelich, 1980; Lueg et al., 2012; St. Gelais et al.,
2016). Henceforth, ‘stage III and IV gametes’ are referred to as ‘gametes’. Colonies found to be
fertile were further evaluated for estimated polyp fecundity with the following equation (see
Lueg et al., 2012):

9

𝐸𝑠𝑡. 𝑃𝑜𝑙𝑦𝑝 𝐹𝑒𝑐𝑢𝑛𝑑𝑖𝑡𝑦 = x No. gametes per polyp cross section ×
x No. gametes per longitudinal mesentery section

Eq. 1

For this calculation, gametes were counted in 8 polyps from the cross-section and 8 mesenteries
from the longitudinal section. Since corals tend to densely store gametes around the same depth
within a polyp, the slide with the highest average gametes per polyp was used for calculating
estimated polyp fecundity (Lueg et al., 2012). The average gametes per polyp in a cross section
was multiplied by the average gametes per mesentery in the longitudinal section to calculate an
estimated polyp fecundity for each colony.

a)

b)
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c)

d)
Figure 2. Stage III and IV eggs and spermaries stained with Heidenhain’s azocarmine-analine
blue. a) Stage III eggs were identified with a centrally located nucleolus and nucleus, while b)
Stage IV eggs had a peripherally located nucleolus and nucleus. c) Stage III spermaries had
larger spermatids than Stage IV and centrally located lumens. d) Stage IV spermaries contained
densely packed spermatids and aligned tails.
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2.4 Stable Isotope Analysis
2.4.1 Tissue separation
To distinguish S. siderea energy sources, samples of host tissue (n=24), endosymbiont
fractions (n=6), POM (n=4), and zooplankton (n=4) were prepared for analysis of δ15N of amino
acids (δ15N AA). Colony tissue samples were separated from the skeleton within 24 h of collection
using an airbrush with 10 mL of 0.7 μm filtered seawater (Johannes & Wiebe, 1970; Fox et al.,
2018). The resulting blastate was stored at -80 °C until the tissues were separated (Whiteman et
al., 2019).
Isolation of coral host tissue and endosymbiont fractions followed similar procedures to
previous studies (Reynaud et al., 2009; Nahon et al., 2013; Fox et al., 2018). The blastate was
thawed and homogenized with a Dounce homogenizer and centrifuged in 2 ml vials at 2000 x g
for 5 minutes at 4 °C (Nahon et al., 2013; Fox et al., 2019). The coral tissue supernatant was
decanted into new vials, and the remaining endosymbiont fraction was resuspended and
homogenized in 2 mL Milli-Q® water. The endosymbiont fraction was centrifuged once more,
and the coral host supernatant was decanted. The host fractions were centrifuged and decanted 13 more times at the same speed until there was no endosymbiont contamination, which was
confirmed through microscopy. The endosymbiont fraction was then resuspended in 2 mL MilliQ® water, homogenized, and centrifuged at 500 x g for 3 min at 4 °C 1-4 times, discarding the
supernatant in between, until samples appeared pure (e.g., no evidence of spirocysts,
nematocysts, etc.). The isolated tissues, as well as the filters containing POM and zooplankton
samples were freeze-dried for 12-24 hours under 0.04 mbar with a LabConco freeze-dryer.
Freeze-dried tissues were homogenized using a mortar and pestle, weighed, and stored in precombusted glass vials in a desiccator (Leal et al., 2014; Fujii et al., 2020). Stable isotope analysis
was conducted at The Close Lab at the University of Miami.
2.4.2 Amino acid extraction and purification
Amino acid purification closely followed established procedures described by Popp et al.
(2007). Coral host and symbiont fractions were evaluated for presence of calcium carbonate by
adding 6 N HCl dropwise until fizzing stopped. Amino acids were extracted via hydrolysis using
6 N HCl at 110 °C for 20 hours (McCarthy et al., 2007; Ohkouchi et al., 2017; Fox et al., 2019).
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After filtration with a PES Disc Filter, cation-exchange chromatography isolated the amino acids
by adsorbing the amino acids with 0.01 N HCl in ion exchange resin (Dowex 50WX8-400) and
eluting the isolates with 2 N NH4OH (Amelung & Zhang, 2001; Popp et al., 2007; Hannides et
al., 2009). Amino acids were re-protonated with 0.2 N HCl prior to esterification of carboxyl
groups with 4:1 isopropanol/acetyl chloride at 110 °C for 60 min. Trifluoroacetic acid anhydride
(TFAA) was introduced as the amine derivatizing agent as 3:1 methylene chloride/TFAA at 100
°C for 15 minutes (Popp et al., 2007; Hannides et al., 2009; Ohkouchi et al., 2017). Coral host
tissue, POM and zooplankton samples required an additional step to remove residual salts. A 3:2
solution of “P-buffer” (1:1 solution of 1 M potassium phosphate/1 M sodium phosphate) and
chloroform (CHCl3) involved a series of vigorous shaking, centrifuging at 600 × g for 5 min at
22 °C, and re-extraction until no signs of hydrophilic substances remained in the isolated amino
acid-containing chloroform phase. Samples undergoing this additional purification also
underwent a second trifluoroacetylation prior to analysis by GC-IRMS (Hannides et al., 2009).
2.4.3 Amino acid compound-specific isotope analysis of δ15N
To estimate the concentration of each sample necessary for GC-IRMS injections,
approximately 0.1 % of each prepared sample was analyzed using gas chromatography-mass
spectrometry (Agilent 6890 GC paired with an Agilent 5973 quadrupole mass spectrometer). The
glutamic acid peak area was used to estimate the proportion of the sample necessary for each
injection. Samples were evaporated under N2, redissolved in ethyl acetate, and finally injected on
a Thermo GC-Isolink II-MAT 253 isotope ratio mass spectrometry system. δ15NAA values were
analyzed with 1-5 replicates and corrected relative to a suite of individual δ15NAA standards to
establish analytical accuracy and precision. The following amino acids were included in δ15NAA
statistical analyses: alanine, glycine, threonine, serine, valine, leucine, isoleucine, proline,
aspartic acid, glutamic acid, phenylalanine, and lysine.
2.4.4 Trophic Position Calculation
Trophic position using δ15NAA was determined using a standardized equation which
calculates the difference in δ15N of a trophic amino acid (glutamic acid) and source amino acid
(phenylalanine) relative to standardized trophic enrichment values (Chikaraishi et al., 2009):
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𝑇𝑃𝐺𝑙𝑢−𝑃ℎ𝑒

(δ15 𝑁𝐺𝑙𝑢 − δ15 𝑁𝑃ℎ𝑒 − 3.4)
=(
)+1
7.6

Eq. 2

Glutamic acid and phenylalanine are routinely used for trophic calculations which allows for
comparison with previous coral nutrition studies (Fujii et al., 2020; Ferrier-Pages et al., 2021;
Wall et al., 2021). A coral that is exclusively relying on its endosymbionts for amino acids would
have a trophic position of 1, as glutamic acid would be directly translocated to the coral without
any fractionation. A coral relying primarily on POM and/or the digestion of endosymbionts
would have a trophic position of 2, as it would be digesting primary producers. By the same
logic, a coral relying only on zooplankton (a primary consumer) for energy acquisition would
have a trophic position of 3 (Ferrier-Pagès et al., 2021; Wall et al., 2021). The expected δ15N
difference between Glu-Phe in primary producers is 3.4‰ and the enrichment in 15N between
Glu-Phe for each trophic transfer is estimated as 7.6‰ (Chikaraishi et al., 2009).
2.5 Statistical Analyses
Statistical analyses were carried out in RStudio (R version 4.0.2). To compare fertility,
fecundity, and trophic position between sites experiencing different environmental conditions,
Port Everglades, Reef 1, and Reef 2 were compared and evaluated as individual sites. These are
referred to as “ocean sites”. To compare corals ex situ to those in situ, Reef 1 and Reef 2 were
combined to represent “Reef” habitat, and Port Everglades represented degraded habitat.
To determine differences in fertility between sites, frequency analyses using contingency
tables (ocean sites: Fisher exact test; ex situ vs. in situ: Chi-squared test) were used to determine
site differences. Samples were tested for potential effects of year on estimated polyp fecundity
for males and females using a t-test with transformed (square root) estimated polyp fecundity.
Potential relationships between surface area (cm2) and estimated polyp fecundity were tested
using Spearman’s rank correlation. One-way ANOVAs were used to test for site differences in
transformed (square root) estimated polyp fecundity.
Since the data did not meet the parametric assumptions, a Kruskal-Wallis test was
conducted using δ15NPhe values of all samples from each site to confirm differences in baseline
nitrogen (n=37). A one-way ANOVA assessed differences in ex situ vs. in situ coral host trophic
position, while a Kruskal-Wallis test assessed differences in coral host trophic position between
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ocean sites. Differences in coral host trophic position between fertile and non-fertile colonies
were determined with t-tests. These tests were run both including and excluding ex situ coral
samples. Differences in trophic position between sexes (males vs. females) was tested with a
Wilcoxon-rank-sum test for all sites and a two-sample t-test for ocean sites. Spearman’s rank
correlation analysis tested for relationships between trophic position and estimated polyp
fecundity for males and females.
A linear discriminant analysis (LDA) with samples from the ocean sites distinguished
between coral host tissue and the three nutritional endmembers. To distinguish the composition
of coral energy sources between ocean sites, two LDAs were performed: an LDA with 11
phenylalanine-normalized amino acids (alanine, glycine, threonine, serine, valine, leucine,
isoleucine, proline, aspartic acid, glutamic acid, and lysine) and an LDA with source
phenylalanine-normalized amino acids (glycine, serine, lysine). Linear discriminant analyses
were run using the package “MASS” (Vernables & Ripley, 2002). To quantify the relative
contributions of symbionts, POM, and zooplankton to coral energy content, a Bayesian isotope
mixing model analysis using phenylalanine-normalized δ15N glycine (δ15NGly) and lysine
(δ15NLys) was performed with the SIAR package (Parnell & Jackson, 2013). The estimates of the
contribution of symbionts and POM to coral host tissue were averaged and tested for site
differences with a one-way ANOVA, while the contribution of zooplankton was tested with a
Kruskal-Wallis rank sum chi-squared test. For post-hoc analysis, Tukey’s honest significant test
using the “multcompView” package (Graves et al., 2019) identified specific site differences.
Ocean males and females were also tested for relationships between percent endmember
contribution (symbiont, POM, and zooplankton) and estimated polyp fecundity using a
correlation analysis.
Differences in water quality parameters over time between ocean sites were tested using
generalized additive models (GAM) with the “mgcv” package (Wood, 2003; Wood, 2004;
Wood, 2011; Wood et al., 2016; Wood, 2017). Site was a fixed categorical factor and time was a
continuous predictor. Ammonia and turbidity did not have significant interactions between time
and site, while significant interactions did exist for nitrate, nitrite, orthophosphate, salinity, and
total suspended solids.
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3. Results
3.1 Fertility and Estimated Polyp Fecundity
A total of 67 S. siderea colonies (28 collected in 2019 and 39 in 2020) were analyzed for
fertility (Table 1). Twenty-two colonies were found to be male, 31 were female, and only one
was hermaphroditic. The sex ratio for this species is comparable to previous observations, thus
demonstrating a good representation of the population (Soong et al., 1991; Szmant, 1986; St.
Gelais et al., 2016). Colony surface area ranged from 11.1 to 228.0 cm2, with a mean (±SD) of
75.6 ± 54.1 cm2. The estimated polyp fecundity of male and female colonies ranged,
respectively, between 0.03 – 5150.4 spermaries per polyp (x = 1672.7 ± 1914.5) and 0.11 –
203.0 eggs per polyp (x = 32.2 ± 39.0).
Estimated polyp fecundity did not vary between years for males (t-test: t17.5= 0.21, p =
0.83) or females (t-test: t24.3 = 0.81, p = 0.42). For this reason, all reported statistics include
combined results from 2019 and 2020 collections. Surface area was also not significantly related
to estimated polyp fecundity for males (Spearman’s rank correlation: S = 1346, rho = 0.13, p =
0.59) or females (Spearman’s rank correlation: S = 6150, rho = -0.37, p = 0.05). Colonies were
collected within a size range reported to be of reproductive age (St. Gelais et al., 2016), and
because corals grow in a modular way, colony size should not affect the number of gametes
produced by an individual polyp (Hall & Hughes, 1996).
Colonies from Port Everglades were significantly more fertile (97 %) than colonies from
Reef 1 (67 %) and Reef 2 (67 %; Fisher-exact p = 0.007). Of the fertile colonies, male and
female estimated polyp fecundity did not vary significantly between ocean sites (ANOVA:
respectively, F2,16 = 2.1, p = 0.16 and F2,22 = 0.32, p = 0.73; Figure 3). When comparing ex situ
colonies with in situ Reefs and Port Everglades, the corals in Port Everglades were significantly
more fertile than corals ex situ and in Reefs (χ22 = 9.0, p = 0.01). However, there was no
significant difference in estimated female polyp fecundity between colonies located ex situ, in
Reefs, and in Port Everglades (F2,27 = 2.4, p= 0.11; Figure 3c). Since only two males were
sampled from the ex situ nursery, differences in estimated polyp fecundity between males ex situ
and in situ could not be assessed.
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Table 1. Fertility and sex of S. siderea colonies collected from 4 sites (i.e., Port Everglades, Reef
1, Reef 2, and ex situ). Values in parenthesis indicate the number of colonies collected in 2020 that
were processed for δ15NAA.
Site

Male

Female

Hermaphrodite

Non-fertile

Total Colonies

11(4)

17(2)

1

1

30(6)

Reef 1

5(2)

3(2)

0

4(2)

12(6)

Reef 2

4

6(3)

0

5(2)

15(5)

ex situ

2(2)

5(3)

0

3(3)

10(8)

Port

a)

b)

c)

Figure 3. Estimated polyp fecundity of males and females between sites. a) males and b) females
from ocean sites, and c) females ex situ.
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3.2 δ15N and Trophic position
The amino acid profiles of coral host, symbiont, POM, and zooplankton were analyzed
from representatives of each site (except for an ex situ symbiont sample). Sites had significantly
different δ15NPhe (including host and endmember tissues), indicating distinct differences in base
nitrogen sources between the four sites (Kruskal-Wallis χ23 = 22.1, p = 6.36 x 10-5; Figure 4).
The δ15NGlu and δ15NPhe values in coral host tissues (n=24) ranged respectively from 5.7‰ to
13.9‰ and -1.6‰ to 6.4‰.
Coral host trophic position (TPGlu-Phe; see Equation 2) was calculated to range from 1.1 to
2.0, with a mean (±SD) of (x = 1.5 ± 0.26; Figure 5). Zooplankton had a higher mean trophic
position (x = 1.85 ± 0.06) than coral host tissues and symbionts had a lower mean trophic
position (0.97 ± 0.2). The ocean POM samples demonstrate primary producer dominance with a
mean TPGlu-Phe of 1.08 ± 0.19, while the ex situ POM sample is reflective of the freeze-dried
zooplankton and consumer products (e.g., fish eggs) offered in the land-based nursery diet
(TPGlu-Phe = 2.0; Figure 5). Corals maintained ex situ had significantly higher trophic positions
than corals in the Reefs and Port Everglades (F2 = 7.8, p = 0.003; Figure 6). Trophic position of
corals ex situ ranged from 1.47 – 2.04 (x =1.74 ± 0.212), while corals in situ ranged from 1.07 –
1.77 (1.38 ± 0.206). Trophic position between corals at ocean sites were not significantly
different (Kruskal-Wallis χ22 = 0.86, p = 0.65; Figure 7).
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Figure 4. δ15NPhe of all tissues (i.e., coral host, symbionts, POM, and zooplankton) at each site.
Different letters represent significant differences between sites (p<0.05).
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Figure 5. Trophic position of coral host, symbiont, POM, and zooplankton samples grouped by
site. Coral host sample trophic positions are consistently higher than symbiont and POM tissues
and lower than zooplankton samples at ocean sites. Samples from colonies maintained ex situ
are unique with a higher POM trophic position than coral hosts. Symbiont samples from ex situ
colonies were not tested.
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Figure 6. Trophic position of coral host tissue at Port Everglades, Reefs, and ex situ. Letters “a”
and “b” denote significant site differences.

Figure 7. Trophic position of coral host tissues at Port Everglades, Reef 1, and Reef 2.
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3.3 Trophic position, fertility, and estimated polyp fecundity
Due to logistical constraints, not all coral samples that were collected in 2020 could be
used for δ15NAA analysis. Instead, samples were selected for δ15NAA to have sufficient replicates
of fertility status and sex from each site (Table 1). Due to unknown reproductive status of
colonies prior to collection, some sites do not have representation of both sexes or non-fertile
status. Samples from Reef 2 did not include a male and Port Everglades does not have a nonfertile sample. Trophic position of combined ocean and ex situ coral host samples did not
significantly differ between fertile (1.07 – 2.04) and non-fertile (1.08 – 2.0) colonies (t-test: t8.8 =
0.49, p = 0.64) or between males (1.07 - 1.58) and females (1.21 – 2.04) (Wilcoxon test: W = 42,
p = 0.61). In addition, trophic position was not significantly correlated with estimated polyp
fecundity of males (Spearman’s rank correlation: S = 104.12, rho = -0.24, p = 0.57) and females
(S = 82, rho = 0.32, p = 0.41; Figure 8). When only considering ocean corals, these findings
remain true as there were no significant differences in trophic position between fertility status (ttest: t4.9 = - 0.58, p = 0.59) and sexes (t-test: t9.6 = 0.74, p = 0.48). Trophic position was also not
significantly related to estimated polyp fecundity in males (Spearman’s rank correlation: S =
37.03, rho = - 0.06, p = 0.91) and females (Spearman’s rank correlation: S = 20, rho = 0.43, p =
0.42).
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a)

b)

Figure 8. Estimated polyp fecundity of a) females (n=9) and b) males (n=8) from all sites (ex
situ, Port Everglades, Reef 1, and Reef 2) in relation to trophic position (TPGlu-Phe). Error bars
represent the propagated analytical uncertainty of trophic position for each sample.

23

3.4 δ15NAA endmember distinction of Ocean Sites
A linear discriminant analysis (LDA) with 11 δ15NAA normalized for phenylalanine
distinguished the four tissue types (coral host, symbiont, POM, and zooplankton) with 100 %
assignment accuracy, demonstrating successful separation of host and symbiont fractions, as well
as unique amino acid profiles of each endmember. Source amino acids (δ15NGly-Phe, δ15NSer-Phe,
and δ15NLys-Phe) of coral hosts distinguished between ocean sites with a 67 % accuracy. Outputs
of the preliminary Bayesian mixing model using δ15NGly and δ15NLys values suggested that the
percent contribution of symbionts to coral host energy composition was significantly different
between sites (ANOVA: F2,12 = 8.65, p = 0.005). Specifically, symbionts contributed
significantly less to Reef 2 corals relative to Port Everglades and Reef 1 (Figure 10).
Zooplankton and POM percent contributions to coral host were not significantly different
between sites (respectively, Kruskal-Wallis χ22 = 2.26, p = 0.32 and ANOVA: F2,12 = 2.75, p =
0.10), though there seems to be a trend toward increased reliance on POM in Reef 2 relative to
Port Everglades (Figure 10). Estimated polyp fecundity of ocean corals was not significantly
correlated to the dietary contribution from symbionts, POM, or zooplankton for males or females
(Table 2).
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Figure 9. Phenylalanine normalized δ15NGly and δ15NLys values of coral host tissues at ocean sites
relative to mean values for ocean endmembers. Error bars represent standard deviation of
δ15NGly-Phe and δ15NLys-Phe for each endmember tissue type.
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a)

b)
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c)

Figure 10. Averaged outputs of preliminary Bayesian mixing model of relative percent
contribution of each dietary endmember ((a) symbionts, (b) POM and (c) zooplankton) to coral
host tissue between sites. Significant differences between sites are denoted with the letters “a”
or “b”.

Table 2. Correlation analyses of estimated polyp fecundity and percent contribution of
endmembers to coral host tissue for males and females.
Sex

Endmember

Female

Male

t

df

p

r

symbiont

0.51

3

0.65

0.28

POM

-1.7

3

0.19

-0.7

zooplankton

2.84

3

0.07

0.85

symbiont

0.85

4

0.44

0.39

-1.31

4

0.26

-0.55

1.21

4

0.29

0.52

POM
zooplankton
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3.5 Water quality of ocean sites
Nitrite (p = 2.42 x 10-6), nitrate (p = 1.69 x 10-6), and orthophosphate (p = 4.74 x 10-5)
concentrations, salinity (p = 0.01), and turbidity (p = 7 x 10-4) were significantly different
between sites (Table 3). This is true for parameters that remain constant over time based on
monthly observations between September 2018 and August 2020 (i.e., orthophosphate and
salinity) or that changed over time (i.e., nitrite, nitrate, turbidity). Specifically, Port Everglades
has significantly higher concentrations of nitrate, nitrite, and orthophosphate and higher turbidity
relative to the reef sites (Figure 11). Salinity is significantly lower in Port Everglades,
particularly since September 2019 (Figure 11e). Ammonia (p = 0.11) and total suspended solids
(p = 0.23) did not vary significantly between the three ocean sites or over time (Figure 11a,f).

Table 3. Differences in water quality parameters between sites (Port Everglades,
Reef 1, and Reef 2) and over time (monthly, September 2018 through August 2020)
using a Generalized Additive Model.
*Denotes significant value
Parameter

Unit

Ammonia
Nitrate
Nitrite
Orthophosphate
Salinity
Total Suspended Solids (TSS)
Turbidity

mg/L
mg/L
mg/L
mg/L
ppt
mg/L
NTU

Site
p-value
0.11
1.69 × 10-6
2.42 × 10-6
4.74 × 10-5
0.01
0.23
7 × 10-4

Time
p-value
*
*
*
*
*

0.07
8×10-4 *
0.001 *
0.25
0.06
0.18
0.001 *
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a)

b)

c)

d)

29

e)

f)

g)

Figure 11. Change in water quality parameters over time between Port Everglades, Reef 1, and
Reef 2. a) ammonia (± 0.0005), b) nitrate (± 0.0005), c) nitrite (± 0.0005), d) orthophosphate (±
0.0005), e) salinity (± 0.5), f) total suspended solids (± 0.0005), and g) turbidity (± 0.005). Points
represent reported measured values and lines show the best-fit model for each parameter.
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4. Discussion
The survival, higher fertility, and similar fecundity of corals within a heavily degraded
environment relative to less-degraded reefs highlights the capacity of individual corals to persist
under less-than-ideal conditions. The high reproductive capacity of these corals indicates a
strong resistance to stress and successful acquisition of energy for gamete development. The
trophic position of the corals was not significantly different between sites, sexes, or fertility
status, nor correlated with fecundity, though sites had different baseline nitrogen sources
(δ15NPhe). Fertile colonies’ trophic position ranged from 1.1 to 2.0, emphasizing that various
relative contributions of autotrophy and heterotrophy can support reproduction. δ15NAA analyses
indicate corals differentially prioritize a combination of symbiont, particulate organic matter, and
zooplankton for reproduction. Our findings also suggest that it may be important to incorporate
phytoplankton into the diet of broodstock corals ex situ to induce maximum gonad maturation.
Overall, these findings suggest that corals in heavily degraded environments are valuable
candidates for reef restoration efforts.
The higher fertility (97%) of Siderastrea siderea in Port Everglades compared to less
impacted, nearshore reefs highlights the strong fitness (i.e., growth and reproduction) of these
colonies. The similarity of polyp fecundity between corals in Port Everglades and nearshore reefs
may be explained by the limitation of polyp size and the modular morphology of coral colonies
rather than external influences (Hall and Hughes, 1996; Tan et al., 2016). These findings are
comparable to Pratchett et al. (2019), who found that Acropora spp. on inner-shelf reefs are just
as fecund as (and in some cases even more fecund than) colonies on mid-shelf and outer-shelf
reefs in the Great Barrier Reef. In addition, several studies have found increased growth rates in
nearshore degraded environments (Burn et al., 2018; Baumann et al., 2021). This indicates that
some corals in degraded environments are not experiencing reductions in fitness but may have
higher fitness than corals in less degraded environments.
The differences in fertility between degraded and less impacted, nearshore reefs may be
explained by differing environmental conditions and nutritional sources. Environmental nitrate,
nitrite, and orthophosphate concentrations and turbidity were significantly higher in Port
Everglades, and salinity was significantly lower than at reef sites. Coral host trophic position was
not different in Port Everglades relative to Reef 1 and Reef 2, but our preliminary Bayesian
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mixing model using δ15NGly and δ15NLys suggests that corals in Port Everglades may rely more
heavily on symbionts for energy acquisition relative to Reef 2. Though this study did not
measure symbiont density or photosynthetic efficiency, we did notice darker (or more dense)
pigmentation in corals from Port Everglades relative to the reefs, supporting the results of this
model. The high fertility and reliance on symbionts suggests that Siderastrea siderea in Port
Everglades are tolerant of eutrophication and turbidity. The elevated nutrient concentrations in
Port Everglades may allow S. siderea to absorb more dissolved nitrogen compounds from the
water column for direct incorporation by the endosymbionts (Houlbrèque & Ferrier-Pagès, 2009;
Rangel et al., 2019). This also indicates that nutrients may be more limiting for symbiont
photosynthesis than light. Increased photosynthetic rates, symbiont density, and holobiont
chlorophyll a concentration have been consistently reported as coinciding with elevated nutrient
concentrations, suggesting high energy production by the photosynthetic endosymbionts in other
degraded environments (Fabricius, 2005; Sawall et al., 2011; Seemann et al., 2013; Browne et
al., 2015). Increased rates of photosynthate translocation may be responsible for the increased
fertility of these colonies. The elevated proportional contribution of symbionts and higher
fertility in Port Everglades emphasizes the importance of autotrophy for coral reproduction.
While symbionts may drive the increased coral fertility in Port Everglades, it is possible
that a simultaneous increase in heterotrophic feeding on water column food sources may promote
reproduction. Heterotrophic feeding rate was not measured in this study, but previous studies
have indicated potential increases in heterotrophy in degraded environments (Anthony, 2000;
Seeman et al., 2013; Baumann et al., 2021; Rubin et al., 2021). The higher nutrient
concentrations in Port Everglades may lead to increases in primary productivity (i.e.,
phytoplankton concentration), increasing the abundance of food sources in the water column
(Fabricius et al., 2005; Rubin et al., 2021). In addition, Martinez et al. (2020) found that corals in
shallow reefs had higher predation rates and energy consumption than corals in deeper reefs,
while the proportional contribution of autotrophy and heterotrophy did not change between
depths. Based on the preliminary Bayesian mixing model, corals in Port Everglades may rely
proportionally more on autotrophy; however, they may also be feeding heterotrophically at a
higher rate, relative to the reefs. If so, corals in Port Everglades would have a higher overall rate
of energy consumption, and, as a result, more energy available for reproduction. Therefore, it is
possible that a higher abundance of available energy sources, stemming from higher ambient
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nutrient concentrations, and increased energy consumption may contribute to the higher fertility
in Port Everglades.
Coral energy acquisition and utilization in Port Everglades may also be partly influenced
by water flow rates. Though flow was not measured in this study, the physical position of corals
within an inlet in Port Everglades suggests they are subject to strong tidal currents (Wright et al.,
1999). Water flow allows for rapid exchange of gas and nutrients required for respiration and
photosynthesis and is considered to largely influence colony energy acquisition (Shashar et al.,
1993; Hoogenboom and Connolly, 2009; Hoogenboom et al., 2011; Tan et al., 2016; Baumann et
al., 2021). Flow rate is positively related to tissue quality and enhancement of photosynthesis
(Rex et al., 1995; Hoogenboom and Connolly, 2009; Hoogenboom et al., 2011), and has been
suggested to drive variations in fecundity (Tan et al., 2016). Not only does Port Everglades
contain higher nutrient concentrations, it likely also has stronger flow that continuously refreshes
a supply of oxygen and nutrients to the corals (Shashar et al., 1993; Frys et al., 2020). This could
supply the coral with greater access to nutrients necessary for reproduction.
The higher fertility of colonies within Port Everglades may also be a function of genetic
adaptation. Variation in environmental conditions due to anthropogenic run-off likely limits the
biodiversity within Port Everglades as high nutrient, turbid environments often have reduced
coral and symbiont species diversity (De’ath and Fabricius, 2010; Baumann et al., 2016; Smith et
al., 2020). However, the effects of increased nutrients and turbidity are not consistent across all
species (Anthony and Connolly, 2004; Faxneld et al., 2011; Browne et al., 2015; Baumann et al.,
2021) and, within a species, certain genotypes can be more resistant to anthropogenic stressors
(Lui et al., 2012; Dilworth et al., 2021; Tisthammer et al., in print). This indicates fitness would
be higher in individuals genetically adapted to degraded conditions, as they would not experience
a stress response. Siderastrea siderea in Port Everglades may only represent a small range of
genotypes and may have genotypic traits distinct from corals in nearshore reefs that allow them
to thrive in degraded environments. Genetic analyses and reciprocal transplant studies are needed
to assess whether genetic adaptation is driving a difference in fertility.
The range in trophic position of reproductive corals among ocean sites emphasizes
microhabitat may play a large role in determining trophic position. Trophic position of
reproductive corals in ocean sites was between 1.1 to 1.8 and ranged up to 0.68 within a site.
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This demonstrates considerable variability within sites that is likely driven in part by differences
in microhabitat. Microhabitat variation influencing energy acquisition could include flow, light
intensity, and competition. Flow rates around a colony could be influenced by the colony’s
orientation, position within the habitat relative to others (e.g., located on the edge of the reef),
and depth (Edmunds et al., 2004; Roth and Knowlton, 2009; Williams et al., 2018). Orientation
and depth can also positively or negatively affect the acquisition of autotrophic energy by
affecting light intensity (Hoogenboom et al., 2009; Hoogenboom et al., 2011; Williams et al.,
2018). Proximity to competitors can influence acquisition of heterotrophic sources
(Hoogenboom et al., 2011). These studies suggest that trophic position variability within each
site may be partially explained by subtle differences in colony microhabitat.
Compound specific isotope analysis, used in this study for the first time to assess
relationships between nutrition and coral reproductive capacity, revealed that corals can
successfully produce gametes using autotrophy and/or heterotrophy. Trophic position of S.
siderea does not relate to sex, hence, males and females do not require different energy sources
for incorporation of amino acids into gametes. Furthermore, trophic position is not related to
fertility status, indicating corals do not change their preferential energy source to produce
gametes. Polyp fecundity is not affected by trophic position or differences in base nitrogen
source, suggesting colonies can be reproductive within a range of trophic positions (TPGlu-Phe, 1.1
– 2.0). These findings demonstrate that corals can successfully produce gametes using different
proportional contributions of autotrophy and heterotrophy and a combination of both nutritional
modes are contributing to reproductive success. Several studies have found that autotrophic and
heterotrophic nutrition can enhance the effectiveness of one another for the coral host. FerrierPagès et al. (2021) found that heterotrophy was mainly traced through symbiont δ15NAA and
suggests symbionts may be essential for heterotrophic incorporation of amino acids (see also
Wall et al., 2021). Additionally, controlled experiments have found that fed colonies have
increased symbiont density, chlorophyll a concentration, and photosynthetic rates (Muscatine et
al., 1989; Dubinsky et al., 1990; Houlbrèque et al., 2003). These findings, along with results of
the current study, suggest that a combination of autotrophy and heterotrophy are likely essential
to maximize fertility and fecundity in scleractinian corals.
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To further distinguish nutritional sources, analysis of δ15NGly and δ15NLys using a
Bayesian model suggested that polyp fecundity is not significantly related to higher proportional
energy from symbionts, POM, or zooplankton. This is true for males and females. However,
corals in Port Everglades and Reef 1 rely more heavily on symbionts than Reef 2 for nutritional
acquisition. Since Port Everglades has the highest fertility rate, it is possible that highly
productive endosymbionts could increase coral fertility due to a constant surplus of
photosynthates being directly transferred to the host. Though heterotrophic nutritional
contributions were not significantly different between sites, Reef 2 trends toward a higher
reliance on POM relative to Port Everglades. These findings demonstrate that corals can shift
reliance on primary energy sources depending on availability.
Colonies maintained in an outdoor, land-based recirculating aquarium system (RAS) had
significantly higher trophic positions and significantly lower fertility relative to Port Everglades,
suggesting conditions ex situ may not be promoting optimal energy acquisition. The high trophic
positions (1.5-2.0) emphasize the importance of heterotrophic feeding to supplement energy
acquisition in a land-based RAS. Heterotrophic diets have been necessary for induced ex situ
gametogenesis and spawning (Craggs et al., 2017; O’Neil et al., 2021), demonstrating the
importance of heterotrophy for gamete development. However, the higher trophic position may
also merely be a reflection of the type of heterotrophic sources available. The POM ex situ had a
trophic position around 2.0 since it consisted largely of eggs and freeze-dried zooplankton, while
the three in situ samples were close to 1.0. A coral consuming heterotrophic sources with higher
trophic positions will also reflect this with a higher trophic position. This suggests the high
trophic position may just be a reflection of the nutritional sources available, rather than an actual
increase in heterotrophy. Since corals ex situ had higher trophic positions, the lower fertility of
corals ex situ compared to Port Everglades may be partially explained by diet.
Reduced coral fertility in the land-based nursery may be influenced by differences in
nitrogen source, potential differences in light availability ex situ relative to in situ, and the lack of
phytoplankton. Though corals maintained ex situ experience natural light, it is possible irradiance
in the outdoor RAS is different than that available to corals at the three ocean sites. The light
spectrum is also likely different as the reduced irradiance is produced through shade cloths
instead of filtration of light by water with depth. Measurements indicate PAR can range from
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100 – 250 µmol m-2s-1 at noon on a clear day throughout the year in the RAS (based on Fourney
& Figueiredo, 2017); however, PAR was not assessed at ocean sites, so potential differences in
light availability cannot be determined. Source nitrogen (δ15NPhe) of samples from the land-based
nursery were the least enriched in δ15N of all sites. This suggests source nitrogen may play a role
in colony fertility, though it is may instead be an indicator that the diet offered to corals in this
closed system comes from systems with low δ15N values. The difference in energy acquisition
that is most evident in this study is the distinct difference in available heterotrophic sources
between corals ex situ and in situ. The diet for corals ex situ comprised of live and freeze-dried
zooplankton, as well as fish and oyster eggs. Particulate organic matter in surface waters is often
largely comprised of marine phytoplankton, as evidenced by the low trophic position (~1.0)
measured in this study. The δ15NAA patterns here suggest ocean-based S. siderea colonies rely
partially on such POM for nutrition, indicating colonies maintained ex situ may be missing a key
component of their natural diet. To potentially maximize reproductive output for land-based
induction spawning, we preliminarily recommend incorporating phytoplankton into the diet of
corals. However, closer examination of the relationship between symbiont productivity and coral
host nutritional sources in the ex situ environment is necessary.
The high fertility found in corals in a degraded environment demonstrates that these
colonies may be especially valuable for restoration efforts. These corals demonstrate strong
resistance to turbidity and eutrophication, which suggests that these corals may have high
acclimatization potential or already be better adapted to handle future climate scenarios.
However, Baumann et al. (202l) found S. siderea transplanted from a nearshore to an offshore
environment had increased mortality and reduced growth rates. Further studies assessing genetic
adaptation using reciprocal transplants of corals from Port Everglades are needed to determine
whether these colonies would be successful for long-term success of reef restoration. Though it
is unclear if these corals are locally acclimated or genetically adapted, their reproductive success
in a high stress environment indicates these corals have the potential to produce stress-tolerant
offspring, making them particularly valuable for sexual restoration efforts. Protection of corals in
nearshore, nutrient-rich, turbid environments is necessary as they can possess some of the most
stress-resistant reef-building corals that may be vital for replenishing reef populations (Sully and
van Woesik, 2020; Tisthammer et al., in print).
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